Yeast mannoproteins contribute to several aspects of wine quality by protecting wine 24 against protein haze, reducing astringency, retaining aroma compounds and stimulating 25 lactic-acid bacteria growth. The selection of a yeast strain that simultaneously 26 overproduces mannoproteins and presents good fermentative characteristics is a difficult 27 task. In this work, a S. cerevisiae x S. cerevisiae hybrid bearing the two oenologically 28 relevant features was constructed. According to the genomic characterisation of the 29 hybrids, different copy numbers of some genes probably related with these 30 physiological features were detected. The hybrid shared not only a similar copy number 31 of genes SPR1, SWP1, MNN10 and YPS7 related to cell wall integrity with parental Sc1, 32 but also a similar copy number of some glycolytic genes with parental Sc2, such as 33 
Introduction 48
Since the inoculation concept of wine fermentations with pure yeast starter cultures by 49
Mueller-Thurgau from Geisenheim was introduced in 1890 and the subsequent 50 development of active dry yeasts in winemaking, several Saccharomyces cerevisiae 51 starter cultures with particular features of enological interest have been developed 52 (Pretorius, 2000) .The use of these starters ensures the production of consistent wines 53 that have particular desirable organoleptic characteristics in successive vintages. 54
The selection of S. cerevisiae strains as starter cultures for wine fermentation has been 55 based on different physiological features. These features include good fermentative 56 vigour and fermentation rate, low production of SH 2 and acetic acid, low foam 57 production, resistance to SO 2 , and the production of balanced levels of volatile aromatic 58 compounds such as higher alcohols and esters, among others (Schuller and Casal, 2005) . 59
In the last 15 years, the capacity of yeast strains to release mannoproteins has also been 60 included among the selection criteria applied for wine yeast selection. These highly 61 glycosylated proteins, which are mostly present in the yeast cell wall, have been 62 associated with positive quality and technological traits of wines, including protection 63 against protein and tartaric instability, retention of aroma compounds, reduced 64 astringency, increased body and mouthfeel, stimulation of lactic acid bacteria growth 65 and foam quality improvement (Caridi, 2006) .. 66
Wine ageing with yeast lees and addition of enzymatic preparations that enhance the 67 mannoproteins released to wine are two possible ways to increase the mannoprotein 68 content of wines. However, these practices are subjected to normative limitations and 69 require careful management to avoid off-flavours and wine spoilage. In this context, the 70 use of selected yeasts that overproduce mannoproteins and show good fermentative 71 features seems an interesting alternative. 72
Despite the selection pressure exerted by the millennia of winemaking on wine yeasts, 73 the combination of desired interesting oenological traits that matches the actual 74 requirements of starter cultures is not easy to find in a single strain. In particular, 75 mannoprotein release is a difficult complex character to be used as a selection criterion, 76 especially for screening large numbers of strains. rare-mating -based on the rare event of mating type switching in industrial yeasts-can 93 be considered natural processes that can happen in nature without human intervention. 94 Therefore, the obtained hybrid cells that make full use of these natural phenomena do 95 not fall under GMO rules. 96
The objective of the present work is to improve the fermentation capability of a 97 commercial strain (Sc1) that was been selected as a good mannoproteins producer. We 98 develop an intraspecific hybrid between the two commercial strains Sc1 and Sc2 by rare 99 mating that give rise to non-GMO strains. After the genomic stabilisation we obtain a 100 strain that overproduce mannoprotein and show excellent fermentation capacities. The 101 potential relationship between the copy number of specific genes and the improved 102 features was also evaluated by a CGH analysis of the parental and hybrid strains. 103 104
Materials and methods 105 106

Yeast strains and general culture conditions 107
Nineteen stable intraspecific hybrids, obtained in a previous work (Perez-Través et al., 108 2015), were used. 15 from the R (rare-mating) hybrids and 3 from the S (spore-to-spore) 109 hybrids (Table 1) . 110
The two parental strains, two Saccharomyces cerevisiae industrial strains from 111 Lallemand S.A.S., were used as a reference strains. According to producers' Sc1 was 112 selected for its capacity to release large amounts of mannoproteins during industrial 113 winemaking (Sc1 improves mid-palate mouthfeel, softens tannins, and enhances the 114 varietal characteristics of the fruit; shows a good compatibility with malolactic 115 fermentation and is a moderate rate fermenter, and for not to be an excellent fermenting 116 yeast; Lallemand personal communication). Sc2 was chosen for its excellent 117 fermentative behaviour (Sc2 is resistant to difficult fermentation conditions, such as low 118 turbidity, low temperature and low fatty acid content, presents a fast fermentation speed 119 and low relative nitrogen needs; Lallemand personal communication). 120
Strains were maintained in GPY-agar medium (% w/v: yeast extract 0.5, peptone 0.5, 121 glucose 2, agar-agar 2). 122 123
2.2Fermentation experiments 124
Synthetic must fermentation 125
All the strains were used in synthetic must fermentations. Fermentations were carried 126 out in 100-ml bottles containing 80ml of synthetic must (Rossignol et al., 2003) . The 127 sugar concentration in the must (50% glucose + 50% fructose) was adjusted to 200 g/l. 128
Must was inoculated independently with the different yeast strains to reach an initial 129 population of 2*10 6 CFU/ml and was maintained without aeration at 20°C. The 130 fermentation process was monitored by the quantification of the total sugar 131 concentration. For this purpose, 1-mL aliquots of must were taken every 2 days and the 132 sugar concentration was determined enzymatically (the glucose-fructose determination 133 kit, Symta, Madrid, Spain). Fermentations were considered as stopped when the sugar 134 amount was the same during 3 measures. Each fermentation experiment was done twice. 135
The sugar consumption data obtained from each fermentation were fitted by the 136 following exponential decay function: Y = D + S * e (− K * t) as previously used by 137
Arroyo-López et al. (2009) . In this function, "Y" is the total amount of sugar present in 138 must, "t" is the time in days, "D" is the asymptotic value when t → ∞, "S" is the 139 estimated value of change, and "K" is the kinetic constant (days equations were used to calculate the time required to consume 50% of the initial sugar 146 content present in must (t 50 ) and the time needed to consume almost all the amount of 147 sugars leaving a residual amount of 2g/L (t 2 ). t 2 wasn't obtained in the stuck 148 fermentations. 149
Natural must fermentations 150
Sauvignon Blanc must was used to perform the stabilisation tests and Verdejo must was 151 used to perform mannoprotein determination. Grape berries were pressed and 1mL/L of 152 dimetil dicarbamate (DMDC) was added in order to obtain microbiological stability. For the specific detection of mannoproteins, supernatants were resolved by SDS-208 PAGE (Laemmli, 1970) . Proteins were transferred to a nitrocellulose membrane using 209 the Mini Protean transfer system (Bio-Rad) following the manufacturer's directions. 210
The mannoproteins present in the membrane were detected by the use of peroxidase-211 conjugated concanavaline A (Sigma) as described by Klis et al. ( 1998) 
2.5Protein Haze Analysis (Heat Test) 243
For the bentonite fining assays, bentonite was previously suspended and hydrated in 244 distilled water at 50 g/L. Different amounts of the homogenised suspension were added 245 to 25 mL of wine to reach 0, 12, 24 36, 48, or 60 g/hL. Closed tubes were incubated at 246 room temperature in a rocking shaker for 30 min. Wines were then clarified by 247 centrifugation, 5 min at 3,000g, and were filtered through a 0.45 μm PVDF filter. The 248 stability of the bentonite-treated wines was assayed by incubating 5-mL aliquots 249 (5aliquots of 5ml were measured for each sample) at 85°C for 30 min and cooling on 250
ice. The turbidity of wines was determined in a nephelometer (Hach, Loveland, CO, 251 USA). 252 253
Statistical analyses 254
The kinetic parameters, HPLC and polysaccharides data were analysed using the 255 Replicates were averaged after filtering. The data from this study are available from 284 GEO (http://www.ncbi.nlm.nih.gov/geo/); the accession number is GSE48117. 285
Gene Ontology (GO) analysis of overrepresented genes 286
GO Term finder (available in the Saccharomyces Genome Database, SGD) was used to 287 perform three different gene ontology (GO) analyses of the genes overrepresented in 288 each particular strain based on the results obtained from the CGH analyses: i) Sc1 vs. 289 Sc2, ii) R2 IVo vs. Sc1 and iii) R2 IVo vs. Sc2. In all cases, statistically significant GO 290 term enrichments were shown by computing a p-value using the hypergeometric 291 distribution (the background set of genes was 6241, the number of ORFs measured in 292 the microarray experiments). GO ) were used for a standard curve. The copy number for each 313 gene was estimated by comparing the DNA concentration for S288c (haploid S. 314 cerevisiae strain). 315
Expression analysis. 316
Expression of selected genes was studied along a fermentation in synthetic must. 317
Fermentations were carried out as in 2.2.2 and samples were taken at 24h (end latency-318 beginning of the exponential sugar consumption phase), 55h (middle of the exponential 319 sugar consumption phase) and 120h (end of the exponential sugar consumption phase-320 beginning of the stationary consumption phase). When collected, samples were washed 321 with cold DEPC water and frozen immediately until their use. 322
Frozen cells were lysed with zymolyase (Seikagaku corporation) and total RNA was 323 extracted using the High Pure RNA Isolation Kit (Roche Applied Science, Germany). 
Results 341
Fermentation performance in synthetic must 342
As a first selection step, all the stable hybrids along with the two parental strains were 343 evaluated for fermentative features (see Table 1 and Suppl. Mat. F1). Fermentations 344
were carried out at 20°C and were monitored by measuring the sugar content until 345 constant values were reached for 3 consecutive days. Table 1 shows the fermentation  346 parameters calculated for all the evaluated strains, including the maximum fermentation 347 rate (K), the time required to consume 50% w/v of the total sugars (t 50 )and the time 348 needed to reach 2% w/v of the residual sugars(t 2 ),as described in Materials and Methods 349 section. 350
Although no differences between both parental strains were detected in both the K and 351 t 50 parameters, Sc1 parental was unable to complete fermentation and showed an 352 estimated t 2 that was more than twice as high as Sc2 (Table 1) . 353
As a general trend, no differences in the fermentation parameters were observed 354 between the hybrids obtained by rare-mating and those obtained by spore-to-spore 355 mating (Table 1) . Strain R2 Io obtained the highest K value among the hybrids, higher 356 than the values obtained for both parental strains. Hybrids R2 IIIa and R2 IVo gave a 357 higher K value than parental Sc2,but no differences with parental Sc1were seen (Table  358 1).The same three hybrid strains (R2 Io, R2 IIIa and R2 IVo) achieved the lowest values 359 for t 50 , although only hybrid R2 Io exhibited significant differences for this value as 360 compared to both parental strains (Table 1) . Finally, strains R2 Io and R2 IVo also 361 showed the lowest t 2 values. 362
Strains R2 IIIo and R8 IIIo displayed the same behaviour as Sc1, were unable to 363 complete fermentation, and their estimated t 2 values were higher than 42 days (Table 1) , 364 according these data these strains suffered a stuck fermentation as was indicated in the 365 Table 1 . 366
By the end of fermentation, the concentration of some relevant metabolites (glucose, 367 fructose, ethanol and glycerol) was analysed (Table 1) . Even though all the hybrids and 368 the two parental strains were able to consume almost all the glucose present in the 369 medium, the amount of fructose remaining at the end of fermentations was variable. The 370 fermentations carried out with strains R2 IIIa, R2 IIIo, R2 VIo, R8IIIo and parental 371 strain Sc1showed significantly higher residual fructose values than the rest, including 372 those fermentations carried out with parental strain Sc2 (Table 1) . 373
Regarding glycerol and ethanol production, no significant differences were observed 374 among the fermentations conducted by the two parental strains and most hybrids. In 375 particular, hybrids R2 VIo, R8 Vb and S7 produced significantly lower levels of ethanol 376 than both the Sc1 and Sc2 parental strains. 377
Based on their fermentation performance (long t 2 and fructose amount higher than 2g/L, 378 which indicates a stuck fermentation), hybrid strains R2 IIIa, R2 IIIo, R2 VIo and 379
R8IIIo were not included in the second selection step (release polysaccharides and 380 mannoproteins). 381 382
Release of total polysaccharides and mannoproteins in synthetic must 383
The release of total polysaccharides for all the parental and hybrid strains showing good 384 fermentative performance is shown in Figure 1 2). Finally, the amount of mannoproteins released by hybrid strains R8 VIo and R8 VIIo 410 was similar to that released by the other hybrids, which evidences similar mannoprotein 411 profiles (Figure 2) . Nonetheless, these two hybrids produced a smaller amount of total 412 polysaccharides than the other hybrid strains (Figure 1) . 413
Based on the results obtained from the total polysaccharides and mannoprotein release, 414
we selected hybrid strains R2 IVo, R8 IIa and S7 to evaluate their capacity to increase 415 the stabilisation of a white wine against protein haze. 416 417
Protein haze stability of the wines fermented by the higher mannoprotein producer 418
hybrids. 419
Fermentations of Sauvignon Blanc grape must were carried out with the three higher 420 mannoprotein producer hybrids and the two parental strains to evaluate the effect on 421 wine stability of the mannoproteins produced by each different strain. Chemical 422 analyses of the wines evidenced that parental Sc1 and hybrid S7 were unable to 423 consume all the fructose that was originally present in the must, and they left as much as 424 6.4 and 5.6 g/L of residual fructose, respectively (data not shown). After fermentation, 425 wines were subjected to the heat test for protein stability before and after bentonite 426 
Measuring of the mannoprotein production in Verdejo fermentations. 439
To ensure that R2 IVo hybrid produce higher amounts of mannoproteins than its 440 parental strains, we performed fermentation in Verdejo must. Fermentations were 441 carried out at 20°C and were monitored by measuring the sugar content until constant 442 values were reached for 3 consecutive days. Table 2 As a resume, hybrid strain R2 IVo exhibited good fermentative behaviour in both 458 synthetic and natural grape musts (Table 1 and 
Comparative genomic hybridisation analysis of hybrid R2 IVo and the parental 467 strains 468
For the CGH analysis, genomic DNA from hybrid strain R2 IVo was competitively 469 hybridised with genomic DNA from each parental strain. The DNA from the two 470 parental strains was also competitively hybridised against each other to evaluate the 471 genomic differences between them by following the methodology described in the 472
Materials and Methods. 473
Of the 6000+ gene probes contained in the DNA microarray, only a few hundred 474 showed a significant copy number variation among the three strains analysed (the 475 hybrid and the two parental strains). An analysis of the data derived from the 476 comparative hybridisation of the parental strains (Sc1 vs. Sc2) revealed significant 477 differences in the copy number of some interesting genes. Ninety-four ORFs showed a 478 significantly higher copy number in strain Sc2 and 41 ORFs had higher copy numbers 479 in Sc1 (Figure 5 and Suppl. Mat. Table 2 ). A considerable number of these variable 480 genes were located in the telomeric or subtelomeric regions, but only a few of them 481 corresponded to the genes with an annotated function. Big groups of variable 482 subtelomeric ORFs were identified as transposons and they were particularly 483 overrepresented in parental Sc2. Another group of genes overrepresented in Sc2 484 corresponded to those belonging to the HXT family ( Figure 5 and Suppl. Mat. Table 2) . 485
Interestingly, genes GPM1 and HXK1, which codify for a phosphoglycerate mutase and 486 hexokinase isoenzyme 1, respectively, seemed to be also overrepresented in parental 487
Sc2 and displayed good fermentation performance. Table 2 ). This parental strain, characterised by its ability to 491 produce and release mannoproteins also displayed an overrepresentation of some of the 492 genes involved in oligosaccharides metabolism and processing (e.g., SPR1), which 493 codify for a glucan 1,3-beta glycosidase), SWP1 (dolichyl-diphosphooligosaccharide 494 protein glycotransferase) and IMA1 (a α-1,6-glucosidase) . 495
The gene onthology (GO) analysis was carried out with the overrepresented genes 496 detected in each particular parental strain and the significant GO terms obtained were 497 sorted according to their corresponding GO categories (Suppl. Mat. Table 3 ). According 498 to that analysis, the terms related to disaccharides and oligosaccharides metabolism 499 were significantly overrepresented in parental strain Sc1,while terms related to 500 transposition were associated with parental Sc2 (Suppl. Mat. Table 3) . 501
The comparative analysis, which derived from the competitive hybridisation of hybrid 502 R2 IVo versus each parental strain, evidenced that the hybrid maintained the copy 503 number of one parental strain or the other for several genes. The hybrid did not show 504 genes significantly overrepresented in relation to the two parental strains. However we 505 observed significantly overrepresented in the hybrid with regards to Sc1 (genes in red in 506 R2-IVo in Figure 5 ) that do not show differences in copy numbers with Sc2, indicating 507 that probably Sc2 has an intermediate copy number between Sc1 and R2-IVo for these 508 genes. Then, the hybrid possesses more copies of these genes than the two parentals. 509
The same explanation could be associated with genes in blue in R2-IVo in Figure 5 , 510 with genes significantly overrepresented in the hybrid with regards to Sc2. According to 511 the data shown in Figure 5 , the hybrid R2-IVo presented 25 overrepresented ORFs 512 against Sc1 and 65 different genes overrepresented against Sc2 (Figure 5 and Suppl. 513
Mat. Table 4 ). Both strains Sc1 and the hybrid shared nine overrepresented ORFs, 514 which included five annotated genes (CUP1-1 and 2, RMD6, HXT15 and SEO1). 515
However, 18 ORFs, including six annotated subtelomeric genes (HXT9, HXT11, two 516
ORFs of HXT12, FSP2, REE1 and BSC3) and eight genes corresponding to transposons, 517 were commonly overrepresented in both the hybrid and parental strain Sc2 ( Figure 5  518 and Suppl. Mat. Tables 2 and 4) . 519
Apart from the overrepresented ORFs shared between the hybrid and parental strains, 520 the hybrid exhibited 7 and 56 genes in significantly higher copy numbers than Sc1 and 521 Sc2, respectively (Figure 5 and Suppl. Mat. Table 4 ). In particular, those genes involved 522 in cell wall organisation and maintenance, like the endopeptidase coding gene YPS7 523 and the gene coding for α-1,6-mannosyltransferase MNN10, had significantly higher 524 copy numbers in the hybrid than in parental Sc2. No differences between hybrid and 525 Sc1 were observed for these ORFs, indicating a similar copy number between these two 526 mannoprotein higher producer strains. 527
In this case, the GO analysis was separately performed with the ratio data obtained from 528 the hybridisation of the hybrid versus parental Sc1 and parental Sc2 (Suppl. Mat. Table  529 3). According to this analysis, the terms related to transposition were also significantly 530 overrepresented in the hybrid as compared to parental Sc1, as were some other terms 531 related to carbohydrate metabolism and glycosidase activity (Suppl. Mat. Table 3 ). The 532 GO analysis done with the over/underrepresented genes between the hybrid and Sc2 533 evidenced an overrepresentation of the terms related to detoxification in the hybrid 534 genome. 535
If we consider its better fermentation performance, its greater mannoprotein release, and 536 its effects on protein haze protection, the R2 IVo hybrid strain proved to be the most 537 suitable strain for industrial purposes. These physiological properties may be related 538 with the genes of the HXT family (HXT9, HXT11, HXT12), which showed 539 significantly higher copy numbers in the hybrid and the strain Sc2. In addition, the 540 genes associated with cell wall organisation were overrepresented in the hybrid genome 541 and in parental Sc1, and may be responsible for the increase in polysaccharides 542 produced by these two strains. 543
Validation of comparative genomic hybridisation analysis 544
To validate the results observed in the CGH analysis, we perform qRT-PCR of several 545 of the genes indicated above, as MNN10, YPS7, HXT9, HXT11 and HXK1, in order to 546 confirm the gene copy number. As HXT genes are quite similar, were removed from the 547 analysis. According the rest of the genes the hybrid R2 IVo should have more copies of 548 MNN10 and YPS7 than Sc2 and should have more copies of HXK1 than Sc1, but less 549 than Sc2. Using this approach the copy number differences were no conclusive (data 550 not shown). 551
For this reason we decided studied the expression of these three genes during 552 fermentation. Results are shown in Figure 6 and Table S5 . 553
Comparing the relative expression of MNN10 gene, of the same strain at different time 554 point (Suppl. Mat. Table 5B ) the hybrid R2 IVo maintained a high relative expression 555 value at 24h and 55h, diminishing at 120h; Sc1 diminished its expression at 55h and 556
Sc2 maintained similar lower expression values at all fermentation points. 557
For YPS7 gene relative expression values of the same strain at different time point 558 (Suppl. Mat. Table 5B ), showed that the R2 IVo increased its expression values at 55h, 559
Sc2 maintained it during all the experiment and Sc1decreassed its expression at 120h. 560
For HXK1 gene results ( Figure 6C and Suppl. Mat. Table 5A This results indicated that the higher mannoprotein production of R2 IVo could be due 568 to the maintenance of the increased expression of MNN10 during long time than Sc1 569 and to the higher expression values of YPS7 in the middle of the fermentation (55h 570 point) as is shown in Figure 6A and B. Whilst the improvement in the fermentation 571 kinetics could be due to the higher increment in the expression of HXK1, showed in Sc2 572 too, at the end of the fermentation (120h), see Figure 6C . 573 The literature frequently mentions that hybrids can inherit particular physiological 593 features in new combinations, which can be even higher than those of the parents. S. 594 cerevisiae x S. kudriavzevii interspecific hybrids can retain the fermentation vigour of S. 595 cerevisiae and the ability to produce particular aromatic compounds from S. 596 kudriavzevii; while S. cerevisiae x S. uvarum hybrids can display the capacity to 597 ferment at both low and high temperatures and to produce intermediate amounts of 598 minor fermentative compounds (Sipiczki, 2008 was selected for its excellent fermentative behaviour (Table 1) . 603 Strain Sc1, selected for its high mannoprotein release capacity, gave the lowest values 604 of total polysaccharides produced (evaluated by the phenol/sulphuric method) when 605 compared with parental Sc2 and all the tested hybrids, in a synthetic must fermentation. 606
However, mannoprotein specific staining indicated similar or bigger mannoprotein 607 content for Sc1. These differences indicate that Sc2 could be releasing other 608 polysaccharides different to mannoproteins being the total mannoprotein release or the 609 mannoprotein/total polysaccharides ratio higher in Sc1, and that mannoproteins 610 releasing -instead of the total polysaccharides release-are better related to the 611 technological properties. It has been reported that not only the total amount of 612 mannoproteins, but also their specific kind, has been associated with beneficial activity 613 in wine(Moine-Ledoux and Dubourdieu, 1999; Waters et al., 1994) . In this work, most 614 hybrids exhibited similar mannoprotein patterns to the parental strains. As we wanted to 615 improve parental traits, we selected for posterior analysis strains with similar bands but 616 with higher intensity than the ones showed by the parental strains. 617
In this work, we chose protein haze stabilisation as a model application to detect 618 interesting hybrid strains given its amenability to laboratory-scale experimentation. The genes associated with cell wall organisation could be held responsible for the 638 increased ability of strains to produce and release polysaccharides. In our study, gene 639 MNN10, which codifies for a subunit of a Golgi mannosyltransferase complex, was 640 overrepresented in the hybrid genome if compared to parental Sc2, while no differences 641 in copy numbers were observed between R2 IVo and Sc1. The overrepresentation of 642
MNN10might be associated with the better mannoprotein release in these strains. 643
Indeed, deletion of either Mnn10p or its homologue Mnn11p results in defects in the 644 mannan synthesis in vivo. An analysis of the enzymatic activity of the complexes 645 isolated from mutant strains suggests that Mnn10p and Mnn11p are responsible for the 646 majority of the complex's α-1,6-polymerizing activity (Jungmann et al., 1999) .. 647
Additionally, the same behaviour was observed for gene YPS7, which codifies for a 648 protease related to cell wall glucans incorporation and retention. YPS7 also forms part of 649 the transcriptional response to cell wall stress and is required during severe cell wall 650 stress in S. cerevisiae (Krysan et al., 2005) . Finally, SWP1, which codifies for an 651 oligosaccharyl transferase subunit required for N-linked glycosilation of proteins in the 652 endoplasmic reticulum, was overrepresented in mannoprotein producer parental Sc1 if 653 compared to Sc2, and Sc1 and hybrid R2 IVo present a similar copy number for this 654 gene, which may also be related with the increased mannoproteins synthesis for hybrid 655 R2 IVo. A combination of the genes associated with cell wall organisation obtained 656 from parental Sc1 and the similar duplications in some genes like SWP1 to parental Sc2 657 can justify that the hybrid is even better than both the parental ones for these properties. 658
An initial set of genes with an altered copy number has been associated with telomeric 659 or subtelomeric regions in different chromosomes ( Figure 5 ). Brown et al. (2010) 660 suggested that these regions are "hotbeds for genomic evolution and innovation". Both 661 telomeric and subtelomeric genes evolve faster than their internal counterparts, and they 662 are frequently the sites of gene duplications (Ames et al., 2010) . According to different 663 authors, differences in the copy number of several telomeric genes are very important 664 for adaptation and to overcome different environmental stresses (Carreto et al., 2008 ; 665 Dunham et al., 2002) . In our work, the subtelomeric genes belonging to the HXT family 666 (HXT9, HXT11, HXT12) had significantly higher copy numbers in the hybrid. This set 667 of subtelomeric genes was also overrepresented in strain Sc2. Although sugar utilisation 668
HXT genes are virtually identical to each other, which allows the possibility of cross-669 hybridisation and makes it impossible to know which particular gene(s) 670 is(are)overrepresented in the pair Sc2 vs.R2 IVo, this difference can be related to the 671 best fermentation performance of both Sc2 and R2 IVo (Table 1) . In this sense, Lin and 672 Li ( 2011)found a strong correlation between the copy number of HXT genes and 673 fermentative strain behaviour. 674
Furthermore, alterations in the copy number of glycolytic genes or the genes responsible 675 for sugar transportation can be associated with the strains' improved fermentation 676 performance. In this sense, parental strain Sc2, characterised for its good fermentative 677 performance, had a significantly higher copy number of genes GPM1 and HXK1 than 678
Sc1, but no differences with the hybrid R2 IVo (also showing good fermentation 679 performance) were detected. In particular, the HXK1 gene has been reported to be 680 expressed when yeast cells are grown on a fermentable medium using glucose, fructose 681 or mannose as a carbon source (Bisson and Fraenkel, 1983) . Schematic grouping of genes significantly overrepresented in each strain under study. Underlined: subtelomeric genes. In red: genes significantly overrepresented in Sc1. In blue: genes significantly overrepresented in Sc2. In green: genes significantly overrepresented in R2-Ivo. In black: genes significantly overrepresented in the two remaining strains. Genes in the intersections are overrepresented genes in two strains with respect to the remaining one. Genes significantly overrepresented in the hybrid with respect to Sc1 (in red in R2-Ivo) that did not show copy number differences with Sc2, likely indicate that Sc2 has an intermediate copy number between Sc1 and R2-Ivo for these genes. Therefore, the hybrid should possess more copies of these genes than the two parentals. The same explanation applies to genes in blue in R2-Ivo, corresponding to genes significantly overrepresented in the hybrid with regards to Sc2. AAD4  AAD15  ARO7  CIS1  DEG1  DIN7  DLD3  DOG1  DOG2  DSF1  DUR1  DUR2  ECM29   EKI1  ENA1  ENA2  ENA5  ENB1  FSH3  GCN20  GLE1  GSG1  HDA3  HNM1  HRQ1  HXT13   LAC1  MED2  MNN10  NFI1  NRG1  PAL1  PRP12  PRY3  PTR3  PXA1  RDS1  ROG1  RSA4   RSC30  SGF73  SLF1  SNC2  SNF6  SNT1  TIF6  URA3  YPS7  YSC83   AGP3  COS12  DAK2  DDI2  HXT16  IMA1  MAL11  MPH2  MPH3  SNZ3  SOR1 INP51  LPX1  OSH2  OSH7  PET122  PSA1  RVS167  SKG6  SPF1  STE4  SUL1  TGF2  VPS8  YAT1  ZTA1   BUD23  BST1  CDC7  CDC46  EPL1  ERG3  ECM23  FET5  FLO1  GLY1  GPX1  GPM1  HEK2  HXK1   MCH2  MKR1  PBN1  PCA1  PGK1  PPH22  RIX7  SCT1  SPE1  STE3  SWP82  UFO1  YRF1-3   AFR1  ARH1  BDF2  BRE2  BRR2  CIC1  CTL1  FDC1  FET5  FUN30  GTT3  KRE28  LCD1 
